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Ruby lasers generally oscillate simultaneously in several axial 
modes,1 despite the fact that the atomic transition involved in the 
laser action is homogeneously broadened. According to present 
explanations,2 such simultaneous oscillations can occur because 
different axial modes have different longitudinal standing-wave 
patterns and energy distributions, so that different axial modes in 
essence make use of different regions of the ruby rod. As a con
sequence, one prescription for achieving single-axial-mode opera
tion in ruby is believed to be the use of a mode pattern which 
produces spatially uniform energy density and saturation through
out the ruby volume, for example, a running-wave mode in a 
ring laser.2 

We outline in this note a method for achieving a standing wave 
with an axially uniform energy density in a laser cavity. The 
axial modes of an ordinary laser cavity have a twofold polariza
tion degeneracy. This is usually not of interest in ruby, since 
only one polarization oscillates due to the selection rules for the 
atomic transition. However, it is possible to excite two orthog
onal polarizations in such a way tha t axially uniform energy 
density is obtained. This can be done by placing a birefringent 
element, specifically a quarter-wave plate, a t each end of the laser 
cavity between the rod end and the mirror. I t is believed tha t 
the axial uniform saturation will in turn cause the rod to oscillate 
in a single axial mode only. 

Figure 1 shows the physical configuration envisioned. The 0° 
ruby rod (c axis along rod axis) will exhibit no birefringence (if its 
quality is sufficiently high), and the laser transition will be equally 
stimulated by any transverse polarization of the optical electrical 
field. The rod axis is the z axis. The end sections are bire
fringent quarter-wave plates, which conveniently may be made of 
sapphire; and the principal axes x', y' and x", y" of these bire
fringent sections are rotated by an angle α with respect to each 
other, as shown. Among the important properties of this 
configuration are: 

(1) The normal modes (axial modes) of the structure may be 
viewed as consisting of either right-handed or left-handed cir
cularly polarized waves traveling right and left in the center 
section. A right-handed circularly polarized wave traveling to 
the right, say, is reflected from the right end section with the 
same right-hand sense of circular polarization going in the 
opposite direction. (Two quarter-wave plates plus a mirror re
flection equal a full-wave plate.) After reflecting in the same 
fashion off the left end section the wave still has its original right-
hand polarization and can "catch its tai l" to complete the mode. 

(2) Summing the right-going and the left-going right-handed 
or left-handed circularly polarized waves of a mode gives Ex and 
Ey standing waves which are spatially displaced with respect to 
each other by λ/4, i.e., Ex ~ cos (kz + θ) and Ey ~ sin(kz + θ). 
Hence, the total energy density Ex

2 + Ev
2 in a mode is uniform 

along the rod. The #-field mode pattern in the rod at an instant 
of peak E field has the shape of a twisted ribbon with a spatial 
period of one optical wavelength. Hence, we refer to this as a 
"twisted-mode" structure. The standing-wave mode twists in 
opposite senses depending on whether it arises from right-handed 
or left-handed polarized running waves. 

(3) Let the total electrical length of the center section plus the 

Fig. 1. Construction and mode spectrum of a "twisted-mode" 
laser resonator. 

mean electrical lengths of the two end sections be written as 
' = 2πL ' /λ , thereby defining a mean effective structure length 
L' for the rod plus end sections. Then, the axial mode fre
quencies of this structure are given by 

where q is any integer. The axial mode degeneracy is split 
symmetrically as indicated in Fig. 1. The ( + ) and ( ─ ) modes 
represent right-handed or left-handed circularly polarized waves, 
i.e., the alternate ( + ) and ( ─ ) modes have ribbon patterns 
twisting in opposite directions. To put this another way, a 
circularly polarized wave making a round trip has a slightly 
longer or shorter trip depending on whether it rotates with or 
against the relative rotations of the end sections. Therefore, the 
right-handed and left-handed modes are separated in frequency. 

(4) The polarizations of the right-handed and left-handed 
twisted modes at the end faces (i.e., a t the mirrors) are linear 
polarizations oriented at 90° to each other and at 45° to the 
principal axes of the end sections. Therefore, the output of the 
laser will be linearly polarized, with a 90° rotation between 
right-handed and left-handed sets. I t may be necessary to use a 
polarizing or dichroic element located just inside an end mirror 
to eliminate either the right-handed or the left-handed set of 
modes. Simultaneous excitation of both sets is not desirable 
since it will destroy the uniformity of the energy density in the 
active material. 

The above discussion has been for a laser of an arbitrary angle 
α between the axes of the quarter-wave plates. I t should be 
noted, however, that there are two special cases of particular 
interest: (1) α = 45°.3 In this case the frequency splitting 
between the right-handed and left-handed modes is maximum and 
is equal to one-half the spacing between the modes of a resonator 
with optical length equal to L'. (2) α = 90°. In this case the 
right-handed and left-handed modes are degenerate in frequency. 
I t is convenient in this case to consider two orthogonal plane 
polarizations (rather than circular) with E vectors along the axes 
of the birefringent plates. The standing-wave patterns cor
responding to these two polarizations and having the same res
onant frequency are then seen to be spatially displaced inside 
the active material by λ/4 with respect to each other, thus re
sulting in a uniform energy density in the material. The polarizers 
placed between the birefringent plates and resonator reflectors, as 
mentioned above, may in this case be looked upon as ensuring 
equal excitation of the two linear polarizations which, of course, 
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is necessary for the successful operation of the device. A com
plete analysis of the more general case of arbitrary wave end 
sections with arbitrary rotations has also been carried out. 
Experimental tests of this concept are now in progress, and will be 
reported upon when completed. 

The axial mode control technique described here was inde
pendently conceived by V. Evtuhov in December 1963, in the 
course of research supported by a contract from the U.S. Air 
Force, Wright-Patterson Air Force Base, Ohio; and by A. E. 
Siegman in June 1964, under the support of a contract from the 
U.S. Army Electronics Command, Fort Monmouth, N.J . 

Note added in proof. Preliminary experiments conducted at 
Hughes Research Laboratories using the "twisted mode" tech
nique with α = 90° have resulted in single-mode operation of a 
ruby laser under certain circumstances. Appropriate quarter-
wave plates (actually 7 λ/4 plates) of sapphire were cut, polished 
and attached to the ends of an accurately oriented 0°, 3 mm diam, 
2.54 cm long ruby rod, with the help of butyl methacrylate 
cement. Silver reflectors were then evaporated on the quarter-
wave plates, and transverse mode selection was performed. 
The assembly was pumped in a double-elliptical cavity, and the 
spectrum of the output was examined using a Twyman-Green 
interferometer. For certain azimuthal orientations of the 
assembly in the pumping cavity, single-frequency output was 
observed at pumping levels of up to ~ 1 5 % above threshold. 
The reasons for azimuthal dependence of the spectrum are not yet 
clear, although some possible explanations are being examined. 
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